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understanding the HSC niches in adult bone marrow. Many types of cells, including osteoblasts [12, 13] , endothelial cells [14] , leptin receptor-expressing perivascular cells [15] , reticular CAR cells [16] , Nestin + mesenchymal stem cells [17] , and nonmyelinated Schwann cells [18] , are located adjacent to HSCs and might regulate HSC functions. In stark contrast, little is known of the cells that support HSC expansion in the fetal liver.
Stem cell factor (SCF) is a key membrane-bound growth factor that meditates the interaction between stromal cells and its receptor, c-Kit, on the surfaces of HSCs [19] [20] [21] . Using flow cytometry, we purified fetal liver SCF + DLK + cells, which consist of 1%-2% of total E15.5 liver cells [22] . These are the major cell type in the fetal liver that expresses several known stem cell supportive cytokines, including Thrombopoietin (TPO), SCF, and CXCL12 [23, 24] . SCF + DLK + cells are a subset of fetal hepatic progenitors that express high levels of α-fetoprotein (AFP) and albumin (ALB), two specific markers of fetal hepatic progenitor cells [22] . We therefore hypothesized that fetal liver hepatic progenitors are the major supportive stromal cells for HSC expansion.
In this study, we report the establishment of a coculture system using DLK + fetal liver hepatic progenitors that closely mimics hematopoietic stem and progenitor cell expansion in the fetal liver. These hepatic progenitors support the rapid expansion of hematopoietic progenitors in 1-week cocultures and significantly expand HSCs during 2-and 3-week cocultures. Our results provide direct proof that hepatic progenitors are the principle supportive cells for the expansion of hematopoietic stem and progenitors in the fetal liver and establish an ex vivo system for investigating the details of HSC function in the developing embryo.
Methods

Mice
CD45.2 and CD45.1 mice of C57BL/6 background were purchased from the Jackson Laboratory or the National Cancer Institute, respectively, and were maintained at the animal facility of the Whitehead Institute for Biomedical Research. CD45.2 Tg(AFP-GFP) mice were gifts from Dr. Margaret Baron (Mt. Sinai School of Medicine). All animal experiments were performed with the approval of the Massachusetts Institute of Technology Committee on Animal Care.
Magnetic bead purification of fetal liver DLK + cells
Embryonic day 15.5 fetal liver cells were dispersed into single cells by pipetting and treated with collagenase and DNAase I as described previously [25] . Ammonium chloride (StemCell Technologies, Vancouver, BC, Canada) was used to lyse erythrocytes and the remaining cells were suspended in Hank's balanced solution (StemCell Technologies) with 2% fetal bovine serum and incubated with CD16/32 antibody (eBioscience, San Diego, CA, USA) to block nonspecific binding. The cells were next incubated with FITC-conjugated DLK1 antibody (MBL International, Woburn, MA, USA) and anti-FITC magnetic beads (Miltenyi Biotec, Auburn, CA, USA) for 15 minutes each. DLK + cells were separated using an autoMACS Magnetic Separator (Miltenyi) using a double-column setting.
FACS sorting of bone marrow HSCs
We purified SLAM + (CD150 + CD48 − CD41 − ) HSCs according to a previous publication, with some modifications [14] . Bone marrow cells were flushed from the femur and tibia from 8-10-week-old mice and filtered through a 70-μm nylon strainer (BD Biosciences, Franklin Lakes, NJ, USA). Cells were treated with ammonium chloride, and lineage positive cells were depleted using a mouse hematopoietic progenitor (stem) cell enrichment kit (BD Biosciences). The remaining lineage-negative cells were incubated with APC-conjugated CD150 (BioLegend, San Diego, CA, USA), FITC conjugated CD48 (BioLegend) and FITC conjugated CD41 (eBioscience) antibodies for 15 min. Single cells with the surface phenotype of CD150 + CD48 − CD41 − were isolated using a BD Biosciences FACSAria1 cell sorter.
Coculture with DLK + fetal hepatic progenitors
For 1-week coculture experiments with DLK + cells in serum-containing medium, 5000 purified DLK + cells were cultured in one well of a 96-well gelatin-coated plate (BD Biosciences) containing 170 mL Iscove's modified Dulbecco's medium (IMDM) with 10% fetal bovine serum, 50 μmol/L β-mercaptoethanol, and penicillin-streptomycin (Life Technologies, Carlsbad, CA, USA) added. The plates were incubated at 37°C for 2 days to allow hepatic cells to attach to the bottom of the wells and then carefully washed to remove all the cells that did not attach to the plates. In initial experiments, 2-day conditioned medium was filtered using 0.22-μm syringe-driven filter units (Millipore, Billerica, MA, USA) and added back to the wells. In later experiments, 170 μL fresh medium was added into each well directly, because we had shown that conditioned medium from DLK + cells was dispensable for ex vivo HSC expansion. In either case, a cocktail of cytokines including 50 ng/mL SCF, 20 ng/mL TPO, and 50 ng/mL FLT3L (all from Peprotech, Rocky Hill, NJ, USA) supplemented the cultures. One hundred SLAM + cells were sorted directly into each well and incubated at 37°C for 7 days before transplantation.
For 2-week coculture experiments, cells expanded from 50 SLAM + cells after a 1-week coculture were transferred to one well of a six-well gelatin-coated plate (BD Biosciences) containing 125,000 purified DLK + cells in 2.5 mL IMDM plus 10% FBS supplemented with the cytokine cocktail. These DLK + cells have previously been cultured for 2 days in IMDM plus 10% serum medium and carefully washed as described earlier. For week 3 of coculture, the cells from 2-week cocultures were diluted 40-fold and transferred to freshly prepared six-well gelatin-coated plates containing 125,000 DLK + cells per well.
Two-week coculture with DLK + cells in serum-free, low-cytokine medium was performed in a similar way, except that greater numbers of DLK + cells were plated into each well. For the first week of the coculture, 170 μL StemSpan medium (StemCell Technologies) supplemented with 10 ng/mL SCF and 2 ng/mL TPO and penicillin-streptomycin was added onto a washed DLK + cell layer (20,000 cells/well) and cocultured with sorted SLAM + cells (200 cells/well) in 96-well gelatin-coated plates. For week 2, the progeny of 200 SLAM + cells were transferred to one well of a six-well gelatin-coated plate coated with 300,000 washed DLK + cells. For each transplantation experiment, cells from at least three individual wells were pooled together.
Competitive repopulating analysis of HSC activity
For competitive repopulation analysis, 10 SLAM + CD45.1 HSCs without culture or the progeny 10 SLAM + cells after culture were mixed with 100,000 freshly isolated total bone marrow CD45.2 + cells (unless otherwise notified) and injected intravenously into mice irradiated with a lethal dose of 1000 rad. Peripheral blood samples were collected at indicated times after transplantation and analyzed with antibodies against CD45.1 (donor), CD45.2 (recipient), B220 (B cells), Thy1.2 (T cells), Gr-1 (granulocytes), and CD11b (granulocytes and monocytes).
For competitive secondary transplantations, the bone marrow cells from recipient mice were harvested 4 months after transplantation. Five million total bone marrow cells from each recipient mouse were injected directly into one lethally irradiated secondary recipient mouse.
Immunocytochemistry and microscopy
The method for the immunocytochemistry study of purified DLK + cells is the same as that described previously [22] . DLK + cells purified by magnetic beads method were stained with antibodies to DLK1 (MBL International) together with antibodies to ALB (Abcam, Cambridge, UK), AFP (Santa Cruz Biotechnology, Santa Cruz, CA, USA), or biotinconjugated antibody to SCF (AbD Serotec, Kidlington, UK). Secondary antibodies were DyLight 488 conjugated donkey anti-rat antibody, Rhodamine Red X (RRX)-conjugated donkey anti-goat or anti-rabbit antibodies, or RRX-conjugated streptavidin (all from Jackson Immunoresearch). DAPI was added into the mounting solution. A Perkin-Elmer UltraView spinning disk confocal microscope was used to view the fluorescent signals.
Images of cultured DLK + cells purified from the fetal livers of Tg(AFP-GFP) mice were obtained using a Nikon Eclipse TS100 fluorescence microscope (original magnification ×100) and taken using SPOT software.
Results
Establishment of a coculture system that can expand HSCs
The most direct way to prove that fetal hepatic progenitors are bona fide supportive cells for HSC expansion is to establish a coculture assay that expands HSCs ex vivo. Initially, we cocultured FACS-sorted SCF + DLK + cells with purified SLAM + (CD150 + CD48 − CD41 − ) [14] fetal liver HSCs for 5 days. Although SCF + DLK + cells were able to maintain fetal liver HSCs numbers in short-term ex vivo culture, as judged by transplantation experiments, there was no net expansion of HSCs [22] . Several factors likely contributed to this lack of HSC expansion. First, more than 90% of sorted SCF + DLK + cells died within 24 hours of culture, presumably because of the stress caused by FACS sorting. To increase the numbers and survival of hepatic progenitors, we used magnetic beads to purify DLK + cells from the fetal liver (Supplementary Figure 1A , online only, available at www.exphem.org). Using collagenase to treat fetal liver cells before magnetic bead selection, we were able to isolate DLK + cells to greater than 70% purity. (Supplementary Figure 1A , online only, available at www.exphem.org). Most of the contaminating cells appeared to be hematopoietic, because they comprised of vast majority of the cells in the fetal liver. This fraction comprised approximately 5% of total E15.5 fetal liver cells, and only a fraction (~56% and 24%) express ALB and SCF, respectively ( Fig. 1A ). However, almost every DLK + cell is also AFP + ( Fig. 1A ) and is thus a hepatic cell, consistent with previous studies on fetal rat liver [26] . Furthermore, quantitative polymerase chain reaction (qPCR) analysis shows that DLK + cells are highly enriched for expression of AFP and ALB, two specific markers for hepatic cells. Markers for other cell types in the fetal liver such as endothelial cells, mesenchymal cells, Kupffer cells, and bile duct epithelial cells are not enriched ( Fig. 1B) . Therefore, purified fetal liver DLK + cells are specifically enriched for hepatic progenitor cells.
Hepatocytes are notoriously difficult to culture; therefore, it is important to find a condition that can both support the expansion of HSCs and sustain hepatic progenitors for an extended period of time. We first determined the survival of purified DLK + fetal hepatic progenitors in several culture media; we used fetal liver DLK + cells purified from Tg(AFP-GFP) mice so that live fetal liver hepatic progenitors can be identified by their expression of GFP protein. We found that hepatic progenitors survived best in medium with serum and reasonably well in serum-free StemSpan SFEM medium (StemCell Technologies;Supplementary Figure 1B , online only, available at www. exphem.org), both of which are also capable of supporting hematopoietic stem or progenitor cells with the addition of supportive cytokines [27] [28] [29] . Growing in regular cell culture plates, GFP + hepatic cells form cell clusters of various sizes (Supplementary Figure 1B At E15.5, more than 90% of fetal liver cells are hematopoietic; therefore, purified DLK + cells inevitably contain some hematopoietic cells. Without supportive cytokines, these cells cannot survive in either serum or StemSpan medium. However, when we cultured purified DLK + cells in serum-containing medium for 10 days, clusters of small and round hematopoietic cells started to appear adjacent to GFP-positive hepatic cells and continued expanding through day 14 (Fig. 1C) . In contrast, we found little accumulation of hematopoietic cells around GFP + cells in serum-free Stem-Span medium (Supplementary Figure 1C , online only, available at www.exphem.org). This result indicates that fetal hepatic progenitors have the ability to support some hematopoietic stem or progenitor cells for an extended period of time in serum-containing medium during ex vivo culture.
As a result, we chose to culture DLK + cells in serum-containing medium supplemented with 50 ng/mL SCF, 20 ng/mL TPO, and 50 ng/mL FLT3L (STF medium [IMDM + 10% bovine serum albumin supplemented with previously mentioned cytokines]) to support expansion of HSCs. DLK + cells were plated on gelatin-coated plates for 2 days to allow the hepatic cells to attach and spread (Supplementary Figure 1B , online only, available at www.exphem.org), after which the culture plates were washed carefully to remove nonadherent cells. Another concern was that ex vivo-cultured DLK + cells lose expression of many cytokines, including IGF2, DLK1, and Angptl3. ( Supplementary Figure 2 , online only, available at www.exphem.org). To maximize the chance of HSC-supportive factors remaining in the culture, we also added back-filtered, 2-day conditioned medium (CM) from DLK + cells to some of the cocultures ( Fig. 2A ).
Thus, sorted SLAM + bone marrow HSCs from CD45.1 mice were cocultured with DLK + cells from CD45.2 mice with CM for 1 week, and the nonadherent hematopoietic cells derived from 50 SLAM + cells were transplanted into CD45.2 recipient mice. HSCs cocultured with DLK + cells showed a clear increase of donor-derived peripheral nucleated blood cells relative to uncultured SLAM cells (p < 0.002) at 1 and 4 months after transplantation ( Fig. 2B ). Importantly, the percentages of donor-derived B, T, and myeloid cells were all increased in the cocultured cells ( Fig. 2C and 2D ). These results suggest that there is an expansion of both short-term and long-term reconstituting HSCs after coculture.
We also tested the ability of DLK + cells or their conditioned medium to expand hematopoietic progenitor cells. After 1 week, SLAM + cells cultured in STF medium (cytokines only control) increased in number by 90-fold ( Fig. 2E ). When SLAM + cells were cultured in CM or with DLK + cells, an additional fourfold to ninefold expansion was seen. Colony-forming assays showed that both DLK + cells and their conditioned medium promoted a 10-to 30-fold increase of all types of hematopoietic progenitors, relative to culture only with cytokines ( Fig. 2F ). These results suggest that DLK + fetal hepatic progenitors can both expand HSCs and promote their differentiation into hematopoietic progenitors in ex vivo culture.
DLK + cells support long-term expansion of HSCs
To examine whether HSCs can be expanded by DLK + cells beyond a 1-week culture, we extended the coculture experiment to 3 weeks. Cells were transferred onto a new layer of DLK + cells at the beginning of each week. SLAM + cells cultured in CM alone expanded rapidly at the beginning, but proliferation slowed at the end of week 2 and then halted ( Fig.  3A and 3B ). In contrast, HSCs cocultured with DLK + cells with or without CM continued to expand in numbers for 3 weeks ( Fig. 3A and 3B ). At the end of week3, one SLAM + cell cocultured with DLK + stromal cells produced nearly 3 million progeny-a more than 200fold increase over HSCs cultured with cytokines alone and approximately 100-fold higher than those cultured in CM.
To test whether long-term coculture with DLK + cells further expanded HSCs, we transplanted the progeny of 10 SLAM + cells after a 2-week culture. Only half of the mice transplanted with 10 uncultured SLAM + cells were able to reconstitute irradiated mice (Fig.  3C) . In contrast, every mouse transplanted with HSCs cocultured with DLK + cells had a significant amount (>2%) of donor-derived nucleated blood cells at 1 and 4 months after transplantation, whether or not CM was included, indicating a clear expansion of HSCs (Fig.  3C ). Donor-derived reconstitution in these mice was similar at 6 months after transplant (Fig. 3D ). The recipient mice were kept for more than 10 months with no incidence of leukemia. In contrast, HSCs cultured in CM for 2 weeks only slightly increased their repopulating activity at 1 month after transplant. The percentage of donor-derived cells in peripheral blood continued to decline over time, and there was no longer a noticeable difference between HSCs cultured in CM and cytokines only at 6 month after transplantation ( Fig. 3D ). Therefore, HSCs cultured in CM lost their long-term repopulating ability after 2 weeks and were not able to continue expansion during week 3. In contrast, HSCs continued to expand at week 3 when cocultured with DLK + cells ( Fig. 3E ). Recipient mice transplanted with HSCs cocultured for 3 weeks have high levels (between 28% and 85%) of donor-derived blood cells at one month after transplantation, indicating a large expansion of short-term HSCs. The percentage of donor-derived peripheral blood cells decreased over time, but were still present in significant levels (between 4% and 23%) in every recipient mouse at both 4 and 6 months after transplantation ( Fig. 3E ). Because all mice transplanted with the progeny of only one SLAM + cell after a 3-week coculture were reconstituted, we can calculate using Poisson statistics that, compared with uncultured SLAM cell, coculture with DLK + cells for 3 weeks resulted in a minimum of a 20-fold increase in HSC numbers. These results suggest that although factors secreted by DLK + cells are capable of promoting HSC expansion in a short-term (1 week) coculture, direct cell-cell contact is required for HSCs to continue their expansion in long-term culture. It is likely that membrane-bound signaling molecules on the surface of DLK + cells are important to maintain HSCs in an undifferentiated state.
Coculture with DLK + cells in serum-free, low-cytokine medium expanded HSCs that can long-term self-renew and efficiently reconstitute all blood lineages
The vast majority of mice transplanted with HSCs expanded by long-term coculture with DLK + cells remained healthy at 10 months after transplantation. However, occasional transplanted mice died less than 2 months after transplantation. These dead mice had a high percentage of donor-derived cells in the peripheral blood at 1 month after transplantation and appeared to be anemic. One example is shown in Figure 3E (open cycle); 85% of blood cells from this mouse were donor derived at 1 month after transplantation. A closer inspection found that all recipient mice exhibited a temporary defect in donor-derived myeloid reconstitution at 2 months after transplantation ( Supplementary Figures 3A-3C , online only, available at www.exphem.org). This subtle myeloid, and perhaps also erythroid, reconstituting problem is not caused by the DLK + cells because SLAM + cells cultured in medium containing cytokines only also exhibited a similar problem (Supplementary Figures  3D and 3E , online only, available at www.exphem.org). Although the exact reason for this myeloid reconstituting defect is unclear, the prolonged exposure to serum or high levels of mitotic cytokines such as TPO are the major suspects. Because DLK + cells are able to survive in serum-free StemSpan medium for an extended period of time (Supplementary Figure 1B , online only, available at www.exphem.org), we tested whether coculture in serum-free, low-cytokine media could allow the expansion of HSCs without compromising their myeloid differentiation potential. We cocultured 100 CD 45.1 SLAM + HSCs together with CD 45.2 + DLK + cells in StemSpan medium supplemented with either 10 ng/mL SCF or 10 ng/mL SCF plus 2 ng/mL TPO for 2 weeks, followed by bone marrow transplantation. In both conditions, donor-derived blood cells were present in all recipient mice 4 months after transplantation (Fig. 4A ). We found that HSCs cultured in serum-free, low-cytokine medium no longer have myeloid reconstitution defects at 2 months after transplantation (Supplementary Figure 3F , online only, available at www.exphem.org) and these expanded HSCs could efficiently reconstitute B cells, T cells, and myeloid lineages (Fig. 4B) . We next extracted the bone marrow cells from each recipient mouse and transplanted them into one secondary recipient mouse. We found that most of the secondary recipients contained significant levels of donor-derived cells in their peripheral blood 3 months after secondary transplantation (Fig. 4A ). This result indicates that most of the expanded HSCs still maintain truly long-term self-renewing ability. These experiments suggest that in proper culture conditions, DLK + cells are capable of expanding HSCs that can both long-term self-renew and efficiently reconstitute all blood lineages.
We next quantified the level of HSC expansion in serum-free cocultures. Because DLK + cells do not proliferate in serum-free medium, we could add twice the numbers of DLK + cells without overcrowding the culture. We compared uncultured HSCs with those cultured in cytokines only (10 ng/mL SCF, 2 ng TPO) and those cocultured with DLK + cells. After a 2-week coculture, HSCs cocultured with DLK + cells generated nearly approximately 50-fold more hematopoietic cells than did cultures with cytokines only (Fig. 4C ). Transplant assays showed that HSCs cultured with cytokines alone completely lost their repopulating activity after 2 weeks, and those cocultured with DLK + cells had a clear increase of HSC numbers over uncultured HSCs (Fig. 4D) . The expanded HSCs reconstituted B, T, and myeloid lineages equally well (Fig. 4E) . We next performed a limiting dilution assay to assess the magnitude of HSC expansion after a 2-week coculture. The frequency of long-term repopulating HSCs in uncultured SLAM + cells was 1 per 11.4 at 4 months after transplantation (95% confidence interval: 1 in 9 to 1 in 15) compared with 1 per 1.7 (95% confidence interval: 1 in 1.3 to 1 in 2.1) after the 2-week culture (Fig. 4F) , determined using L-calc software (Stem Cell Technologies, Vancouver, BC, Canada). Therefore, coculture with DLK + cells for 2 weeks in serum-free medium results in a sevenfold increase of HSC number. To evaluate the importance of the cell-cell contact between DLK + cells and HSCs in supporting HSC expansion in serum-free medium, we separated HSCs from DLK + cells by 0.4 mm transwell cell culture inserts (Millipore, Billerica, MA, USA). These porous cell culture inserts allow secreted protein factors to reach cells cultured inside the transwells, but prevent the direct contact between cells grown inside and outside of the transwells. SLAM + cells were cocultured with DLK + cells for 1 week, and their progeny were transferred onto cell culture inserts and placed on top of gelatin-coated plates cultured with DLK + cells. After 1 week, the number of cells expanded in transwell plates was threefold less than the number of cells expanded by coculture ( Fig. 4G) . Transplantation assays showed a dramatic decrease in donor-derived reconstitution of peripheral blood cells when HSCs were placed in transwell plates compared to cultures in which the two cell types were in direct contact. (Fig. 4H ). Considering these results and our earlier findings (Fig. 3C) , it is clear that the contact between HSCs and their hepatic stromal cells is critical for HSC expansion in longterm culture.
DLK − cells failed to expand hematopoietic cells
To eliminate the possibility that the HSC expansion we saw was actually mediated by contaminating DLK − cells, we examined whether DLK − cells could also support HSC and hematopoietic progenitor expansion in ex vivo culture. A 2-week coculture with DLK − cells in serum-free, low-cytokine medium completely failed to significantly expand hematopoietic cell numbers ( Fig. 5A and 5B) . Similar results were also obtained in serum containing medium ( Supplementary Figure 4 , online only, available at www.exphem.org). Transplant assays showed that there was no expansion of HSCs (Fig. 5C ) when they were cocultured with DLK − cells (Fig. 5C ). Therefore, DLK + fetal hepatic progenitors are the major cell population in the fetal liver that supports expansion of HSCs.
Discussion
Because hematopoietic stem cells are mostly quiescent in adults, uncovering the cells that are supportive of HSC expansion at the fetal stage will likely provide keys toward understanding how HSCs are generated and how their self-renewal and expansion can be achieved.
The AGM region is a major site for de novo generation of adult-type HSCs. Oostendorp et al. [30] generated a large collection of immortalized cell lines from the AGM region and from E11 embryonic liver. Cells from the AGM region generated colonies that were capable of maintaining mouse HSCs in long-term in vitro culture [30] as well as expanding human cord blood cobblestone area-forming cells [31] . Importantly, the E11 AGM region generated HSC supportive colonies at a higher frequency than E11 embryonic liver, suggesting that the AGM region provides the most supportive microenvironment for HSCs in the midgestation mouse embryo.
Starting from embryonic day 12, HSCs begin to migrate into the fetal liver and undergo significant expansion. Similar approaches were used to generate more than 200 immortalized cell lines from E14 feta liver [32] . A cell line named AFT024 is capable of supporting transplantable HSCs after 4-7 weeks of ex vivo coculture [33] . AFT024 cells express a-fetoprotein and cytokeratin 8, suggesting that it might derive from a subset of fetal hepatic-endodermal cells [34] . These immortalized cell lines are able to sustain HSCs in culture, but are incapable of expanding their numbers. It is not known whether these cells are part of the HSC expansion niche in vivo and whether their HSC expanding ability is lost during ex vivo culture and immortalization.
Previously, we discovered that a subpopulation of fetal liver AFP + cells are enriched for the expression of HSC-supportive cytokines such as SCF, TPO, and CXCL12, suggesting that subpopulations of fetal hepatic cells are prime candidates for the cells that are supportive of HSC expansion. Hepatic cells, which are a type of epithelial cells derived from the endoderm, have not been linked previously to HSC-supportive functions. However, previous work suggests that there is an intertwining relationship between hepatic-endodermal cells and hematopoietic cells.
Fetal hepatic stem-progenitors derive from the definite endoderm, which emerges from the primitive steak around E7.0 [35] . Interestingly, primitive and visceral endodermal cells were shown to provide potent signals to promote the primitive wave of hematopoiesis in the yolk sac [36] . In contrast, no hematopoiesis was observed in the AGM region, although it is a major site for the emergence of HSCs [36] . These results suggest that cells of endodermal origin other than hepatic cells play pivotal roles in regulating HSC expansion and hematopoiesis in the early embryo.
There is also a distinct difference between the HSC niches in the fetal liver and adult bone marrow. Although most of the adult HSCs are quiescent, remain in the bone marrow throughout life, and are tightly regulated by their surrounding niches cells, HSCs remain only in the fetal liver for a short period. In the mouse, these HSCs migrate into the fetal liver, expand in numbers or differentiate into hematopoietic progenitors cells, and evacuate the fetal liver less than 1 week later. Although in vivo methods have been useful to identify HSC niches in the adult bone marrow, their application in studying fetal liver niches is far more limited. Therefore, we sought to use in vitro coculture methods to directly prove that fetal hepatic cells are capable of expanding HSCs.
As discussed earlier, establishing immortalized cell lines is the most frequently used method in study HSC supportive cells at the fetal stages, but this method has significant flaws for identification of cells that support HSC expansion. First, the immortalization process will cause significant changes to the cells and it is unknown whether the supportive cells will still possess HSC expanding capability. Second, although mesenchymal cells can be immortalized easily, the culture and immortalization of hepatic cells is far more difficult. Therefore, we decided to purify primary hepatic progenitors directly from the fetal liver and test their ability to expand HSCs.
The first issue we considered in developing this novel primary coculture method was the purity of the hepatic cells used for coculture. Fetal liver contains hepatic cells at multiple stages of development, and many of these subpopulations and their cell markers have not been characterized. Therefore, we focused on purifying the entire population of hepatic progenitors and examined whether HSC supportive cells exist within this group of cells. A potential drawback of using primary cells is that it is impossible to avoid contamination from other cell types. In our case, we could achieve approximately 70% purity using magnetic beads. Because most of the contaminating cells are hematopoietic, we incubated these cells on gelatin-coated plates for 2 days without adding supportive cytokines for hematopoietic cells. This method allowed the hepatic cells to attach and spread on the culture plate so that we could wash and remove all the nonadherent contaminating hematopoietic cells.
To ensure that the HSC expansion effect is from HSCs and not potential contaminating cells, we first used qPCR to show that only markers for hepatic cells are enriched in DLK + cells versus DLK − cells (Fig. 1B) . We then compared the ability of DLK + and DLK − cells to expand HSCs. Although DLK + cells supported significant HSC expansion, proportional numbers of DLK − cells failed completely to expand HSCs or hematopoietic progenitors in either serum-containing or serum-free media ( Fig. 5, Supplementary Figure 4 , online only, available at www. exphem.org). These results gave us confidence that the principle supportive cells for HSC expansion are indeed of hepatic origin.
The second issue we dealt with is whether hepatic progenitors can retain their ability to support HSC expansion in ex vivo culture. Because hepatic cells are difficult to culture, we carefully examined their survival in different conditions. We made the key observation that cultured hepatic cells could sustain hematopoietic cells without added cytokines (Fig. 1C) . We also found that fetal hepatic cells maintain their expression of key HSC-supportive factors, including SCF, TPO, and CXCL12 ( Supplementary Figure 2 , online only, available at www.exphem.org), suggesting that they could at least maintain part of their HSC supportive ability in vitro. The expression of other factors such as DLK1, Angptl3, and IGF2 were greatly decreased in ex vivo culture, and it is possible that these factors are not essential for HSC expansion.
To develop this novel coculture system, we had to continuously adjust and improve our methods. For example, initially we purified DLK + cells without collagenase treatment (Fig.  2) . However, we found that collagenase treatment not only improved the purity of isolated DLK + cells, but also increased their ability to attach to the culture plates. Therefore, far fewer DLK + cells were needed for the later experiments. One key to achieving significant HSC expansion is to have as many DLK + cells in the coculture as possible. When purified DLK + cells were cultured in serum-containing medium, their mass increased significantly after 1 week, and it was a difficult task to consistently have sufficient numbers of DLK + cells at the beginning of the coculture without overcrowding the culture at later stages. In contrast, when DLK + cells were cultured in serum-free StemSpan medium, there was little change in their mass during the coculture; therefore, higher numbers of DLK + cells could be plated without overcrowding the coculture. As a result, the coculture experiment was simplified and became more consistent.
In our study, three separate sets of coculture experiments in serum-free medium were performed, and HSCs were consistently expanded to similar levels. This method opens the possibility that this coculture system can be used to characterize signaling molecules that are important for HSC expansion. Finally, we optimized the cytokines that were added into the coculture and found that a low concentration of added SCF is sufficient for the expansion of HSCs (Fig. 4 ). An additional low concentration of TPO could slightly help with ex vivo HSC expansion; however, a high concentration of TPO should be avoided for the long-term expansion of HSCs because TPO is the major cytokine that drives HSCs into cycling and could be the main reason for the myeloid reconstituting defect that we observed using a high concentration of cytokines ( Supplementary Figure 3 , online only, available at www.exphem.org).
The establishment of a coculture system with fetal hepatic progenitors could also provide a major boost to the ex vivo culture and expansion of HSCs. Despite the fact that ex vivocultured DLK + hepatic progenitors lose expression of many cytokines and that only a fraction of DLK + hepatic cells are likely to be supportive of HSCs, we have consistently observed significant expansion of HSCs in both serum-containing and serum-free media using our coculture system. Moreover, we suspect that the true potential of hepatic stromal cells to expand HSCs in ex vivo coculture is much higher. The fact that many progenitors and short-term HSCs were generated in our long-term coculture indicates that many expanded HSCs underwent differentiation during coculture. Insufficient protection of expanded HSCs through direct contact with hepatic stromal cells is possibly the main reason for this finding. Better maintenance of long-term HSCs will also allow the duration of the coculture to be further extended, thus expanding more HSCs. Therefore, promoting direct contact between HSCs and their hepatic stromal cells, thus maintaining them in an undifferentiated state, is a key to successful long-term culture and expansion of HSCs.
One remaining key question is which cell surface proteins on the surface of DLK + cells are important for the expansion of HSCs. A natural candidate is DLK1, a homolog to the notch ligands. However, DLK1 expression is rapidly diminished in ex vivo culture, suggesting that it is dispensable for the ex vivo expansion of HSCs. Other candidates include Notch ligands because Notch pathway was suggested to play an important role in the regulation of HSCs by endothelial cells. We examined the expression of all the Notch ligands and found none of them is enriched by DLK + cells. Therefore, fetal hepatic cells can use multiple signaling pathways to control the growth and differentiation of HSCs.
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Refer to Web version on PubMed Central for supplementary material. DLK + fetal hepatic progenitors promote a rapid expansion of hematopoietic progenitors and HSCs during short-term culture. (A-D) One-week coculture with fetal liver DLK + cells resulted in a modest expansion of HSCs. (A) Scheme of the coculture experiment: 25,000 purified DLK + cells (purified without collagenase treatment) were cultured in serumcontaining medium on gelatin coated plates for 2 days. The plates were washed, and the conditioned medium (CM) was added back together with 50 ng/mL SCF, 20 ng/mL TPO, and 50 ng/mL FLT3L. One hundred CD45.1 + SLAM + HSCs were placed into each well and cocultured for 1 week. The progeny of 50 CD45.1 + SLAM + cells were transplanted together with 200,000 freshly isolated CD45.2 + bone marrow cells into each recipient mouse. Fifty sorted HSCs were also transplanted directly (no culture control) or cultured for 1 week in serum-containing medium with cytokines (cytokines-only control). (B) HSCs cocultured with DLK + cells showed an increase of repopulating activity over the no-culture control (p < 0.002) and cytokines-only control (p < 0.05). Each data point in the figure represents the percentage repopulation of one recipient mouse, which is calculated as the percentage of CD45.1 + cells in the peripheral blood divided by total number of CD45.1 + plus CD45. A serum-free, low cytokine coculture system expands HSCs with normal lymphoid and myeloid reconstituting ability. (A) One hundred SLAM + CD45.1 HSCs were cocultured with 10,000 CD45.2 DLK + cells for the first week and with 300,000 DLK + cells for the second week in a serum-free medium supplemented with 10 ng/mL SCF or 10 ng/mL SCF plus 2 ng/mL TPO. The progeny of 10 HSCs were transplanted into each recipient mouse; nucleated cells in peripheral blood were analyzed after 1 and 4 months. After 4 months, bone marrow cells from each recipient mouse were transplanted into secondary recipients. Significant levels of donor-derived blood cells can be found in most (6 of 7) of the secondary recipient mice at 3 months after transplantation. (B) Representative FACS analysis of donor-derived multilineage reconstitution 4 months after first transplantation. (C-E) SLAM + cells were cocultured with 20,000 DLK + cells for the first week and with 300,000 DLK + cells for the second week (A) in serum-free medium supplemented with 10 ng/mL SCF and 2 ng/mL TPO. (C) Numbers of hematopoietic cells generated from one SLAM + HSC after a 2-week culture with DLK + cells or cytokines only in serum-free medium. (D) Scatter plots comparing the percentage of donor-derived peripheral blood cells from mice transplanted with the progeny of 10 uncultured SLAM + HSCs or 10 cultured for 2 weeks with cytokines alone or cocultured with DLK + cells in SFLC medium. (E) Multilineage reconstitution of peripheral blood cells at 4 months after transplantation by HSCs cocultured with DLK + cells for 2 weeks. (F) Limiting dilution assay of the repopulating activity of SLAM + HSCs before and after coculture. Poisson statistical analysis was used to estimate competitive repopulating units within each condition (n = 9-10 mice transplanted at each dose per condition; 56 mice total). The plot shows the percentage of recipient mice containing less than 1% donor-derived nucleated peripheral blood cells 4 months after transplantation versus the number of SLAM + cells initially added to the culture. (G-H) Cell-cell contact between HSCs and DLK + cells is required for the continual expansion of HSCs in SFLC medium. SLAM + cells were cocultured with DLK + cells for 1 week. Their progeny were either cocultured with DLK + cells, or transferred to 0.4-mm porous transwell cell culture inserts placed on top of DLK + cells, and cultured for 1 week. (G) Direct coculture with DLK + cells generated approximately threefold the number of hematopoietic cells compared with transwell plates. (H) Transplant assay showing that HSCs cultured in transwell plates had dramatically reduced reconstitution ability at 1 month after transplantation. 
